Abstract Ovarian granulosa cells (GC) play an important role in the growth and development of the follicle in the pro cess known as folliculogenesis. In the present review, we fo cus on recent developments in prohibitin (PHB) research in relation to GC physiological functions. PHB is a member of a highly conserved eukaryotic protein family containing the re pressor of estrogen activity (REA)/stomatin/PHB/flotillin/ HflK/C (SPFH) domain (also known as the PHB domain) found in diverse species from prokaryotes to eukaryotes. PHB is ubiquitously expressed in a circulating free form or is present in multiple cellular compartments including mito chondria, nucleus and plasma membrane. In mitochondria, PHB is anchored to the mitochondrial inner membrane and forms complexes with the ATPases associated with proteases having diverse cellular activities. PHB continuously shuttles between the mitochondria, cytosol and nucleus. In the This study was supported in part by National Institutes of Health Grants 1RO1HD057235, HD41749, 1SC3GM113751, U54-CA118638 and G12-RR03034. This investigation was conducted in a facility constructed with support from Research Facilities Improvement Grant #C06 RR18386 from NIH/NCRR. nucleus, PHB interacts with various transcription factors and modulates transcriptional activity directly or through interac tions with chromatin remodeling proteins. Many functions have been attributed to the mitochondrial and nuclear PHB complexes such as cellular differentiation, anti-proliferation, morphogenesis and maintenance of the functional integrity of the mitochondria. However, to date, the regulation of PHB expression patterns and GC physiological functions are not completely understood.
Introduction
The ovarian granulosa cell (GC) is perhaps one of the most well-studied endocrine cells. Ovarian GCs play an important role in the growth and development of the follicle during folliculogenesis. The unique structure and function of GCs create a special microenvironment for oocyte growth and mat uration resulting from their biochemical activity and close anatomical relationship (Amsterdam et al. 1989) . Ovarian fol licles have been shown to be the basic functional unit of the ovary and consist of an outer layer of theca cells that encircle the inner layers of GCs. These GCs surround the oocyte and are connected to each other and to the oocyte by the develop ment of gap junctions (Mora et al. 2012) . In response to cyclic pituitary gonadotrophin (luteinizing hormone [LH] , folliclestimulating hormone [FSH] ) secretion, the various follicular compartments interact in a highly integrated manner to secrete the sex steroids (estrogens and progestogens) that are required to produce a fertilizable ovum. Ovulation occurs in one of the two ovaries during a given cycle in mammalian species. Although pituitary gonadotrophins (LH, FSH) are the major regulators of follicular development (Richards and Midgley 1976) and although the blood concentrations of these hor mones perfusing the two ovaries are identical, not all follicles are responsive to pituitary gonadotrophins during a given cy cle. Only a limited number of the Bselected^ follicles ovulate during the life span of the female, whereas most of the follicles become atretic. After ovulation, the GCs undergo profound changes in their hormonal responsiveness and their capacity to produce steroids. These luteinized GCs constitute the major component of the corpora lutea and are the main source of ovarian progestogens.
To understand the basis for the disparate maturation of ovarian follicles and the luteinization of maturing GCs, func tional and morphological correlates of intra-ovarian changes in various hormonal environments are required. In the present review, we summarize some of the recent developments in prohibitin (PHB) research in relation to GC physiology. PHB is a multifunctional protein associated with many cellu lar processes such as the cell cycle, proliferation, apoptosis, senescence, cellular immortalization, adipogenesis and differ entiation (Chowdhury et al. 2012 ). In the ovary, PHB is wide ly expressed and its expression is age-and follicular-stage regulated (Thompson et al. 2004) . Our group has made sig nificant contributions by analyzing the patterns of PHB ex pression and distribution and by examining the functional roles that PHB plays in relation to GC physiology.
Role of granulosa cells in folliculogenesis
The development of ovarian follicles begins during fetal life with the transformation of primordial germ cells into oocytes enclosed in structures called follicles (Hirshfield 1991; McGee and Hsueh 2000) . During fetal life, primordial germ cells (PGCs) migrate to the future gonad, undergo mitosis and give rise to oogonia (Gondos et al. 1971) . The oogonia are then transformed into oocytes as they enter the first meiotic division. Primordial follicles are formed perinatally as the oo cytes arrested in prophase of the first meiotic division become enveloped by a single layer of flattened GCs that are surrounded by a basement membrane (Fritz and Speroff 2011; Uyar et al. 2013) . The follicular GCs are completely separated from blood vessels and other cell types by the base ment membrane lining of the follicle.
GCs are the somatic cells of the ovary and are closely associated with the developing oocyte. GCs differentiate from either the coelomic epithelium or mesenchymal precursors; however, their embryological origin is still disputed. During puberty, through an unknown selection mechanism, individu al primordial follicles are recruited from this resting pool to undergo growth and differentiation (McGee and Hsueh 2000) . During this process, flattened GCs, which surround the oo cyte, become cuboidal in shape and support the formation of the primary follicle (Amsterdam et al. 1992; Gougeon and Chainy 1987) . At this stage, GCs proliferate and form multiple layers of somatic cells that surround the oocyte, resulting in the formation of a secondary follicle. This is followed by the formation of small fluid-filled cavities that lie within the fol licle and that coalesce to form the early antral (or tertiary) follicle (Soyal et al. 2000) . In the absence of gonadotropin stimulation, these follicles become atretic and disappear from the ovary. However, once puberty begins, pituitary FSH stim ulates further follicular growth via the expression of folliclestimulating hormone receptor (FSHR) in GCs (McGee and Hsueh 2000) . Under the influence of FSH, the antrum con tinues to enlarge, resulting in the formation of a preovulatory (antral or late antral) follicle.
In the antral/preovulatory follicle, the formation of the an tral cavity segregates the distribution of GCs and creates four different GC layers: the outermost layer is the membrana gran ulosa, the innermost layer is the periantral, the intermediate layer is the cumulus oophorus and the layer juxtaposed to the oocyte is the corona radiata (inner layer of cumulus oophorus; Erickson and Shimasaki 2000) . These four layers are function ally heterogeneous, secrete different molecules and express various hormone receptors (Nguyen et al. 2012) . The cumulus cells (surrounding the oocyte) are specialized GCs, which are distinct from the mural GCs that line the antrum (GuzelogluKayisli et al. 2012) . At the time of ovulation, the cumulus oophorus loses its connections with the outer parietal GCs so that the oocyte, enclosed in a large expanded cumulus mass, is extruded into the Fallopian tube in order to accom plish fertilization.
Ovarian cyclic events are highly specialized in both the structure and function of the GCs. Thus, GCs in the intact follicle possess marked morphological and biochemical het erogeneity among the various layers of cells, with respect to their location close to the oocyte or close to the basement membrane separating GCs and theca cells (Amsterdam and Rotmensch 1987) . This heterogeneity includes the differential expression of LH receptors (Amsterdam et al. 1975 ) and the concentration of steroidogenic enzymes, which is higher in the outer GC layers adjacent to the basement membrane Weisz 1978, 1979) . Differentiated GCs increase in vol ume and show morphometric changes in their mitochondria, nucleus, endoplasmic reticulum (ER) and Golgi complex, with an increase in the volume of lipid droplets, lysosomes and smooth ER. These changes are accompanied by the or ganelles associated with the enzymes necessary for steroid synthesis and the subsequent increase in progesterone secre tion (Hsueh et al. 1984) .
The oocyte within the preovulatory follicle will remain arrested in prophase I until after the LH surge, which precedes ovulation (Guzeloglu-Kayisli et al. 2012) . During this period, the cumulus cells undergo Bcumulus expansion^, a process that requires cumulus cells to produce hyaluronic acid that is deposited into the extracellular space and further stabilized by secreted proteins (Eppig 1991a (Eppig , 1991b Richards et al. 2002) . This newly formed extracellular matrix binds the oocyte and cumulus cells together (Eppig 1991a (Eppig , 1991b Richards et al. 2002) . In the meantime, the oocyte resumes meiotic division and begins the process of maturation. The culmination of these process results in the formation of a mature cumulusoocyte complex (COC) containing an oocyte arrested at the metaphase of the second meiotic division (MII) and ready for ovulation and subsequent fertilization (Guzeloglu-Kayisli et al. 2012) .
The cellular physiological coordination between theca cells, GCs and the oocyte during late follicular development (pre antral and preovulatory follicles) occurs through gap junctions. At an early stage of development of the follicle, contact be tween GCs is characterized by adherence junctions, desmo somes and small gap junctions, even in primary and primordial follicles (Albertini and Anderson 1974; Mitchell and Burghardt 1986) . However, during follicular growth, a shift occurs in the nature of these cell-cell contacts; whereas adherence junctions and desmosomes are down-regulated, gap junctions increase in number and size (Albertini and Anderson 1974; Amsterdam et al. 1976 ). The complex bidirectional communication with the oocyte includes the provision of essential nutrients for oo cyte development and the accumulation of oocyte-secreted me tabolites (Eppig 1979 (Eppig , 1982 (Eppig , 1991a (Eppig , 1991b (Eppig , 1994 (Eppig , 1996 (Eppig , 2001 Eppig et al. 1996 Eppig et al. , 1997 Eppig et al. , 2005 Su et al. 2009 ). Moreover, the natural role of the GCs includes hormonal activity with produc tion of estradiol during follicular growth and secretion of pro gesterone after ovulation (Yong et al. 1992) . Termination of communication between the oocyte and processes of the corona radiata cell layer transversing the zona pellucida serve as a major trigger for the resumption of oocyte meiotic division and follicle rupture, which is associated with the massive inter nalization of gap junctions during follicular rupture (Amsterdam et al. 1976; Lindner et al. 1977; Larsen et al. 1986 Larsen et al. , 1987 Racowsky et al. 1989) . The re-establishment of communication between corpus luteum cells occurs at an early stage of luteinization (Larsen and Wert 1988) . All these changes in intercellular communication require rapid modulation in the organization of the junctional elements during folliculogenesis, ovulation and luteinization.
In summary, the major functions of GCs include the pro duction of sex steroids, various peptides required for folliculogenesis and ovulation and follicular fluid.
Prohibitin
Prohibitin (PHB/PHB1) is a member of a highly evolutionary conserved protein family that includes the repressor of estro gen activity (REA/PHB2), stomatins, HflKC, flotillins, HIR proteins and plant defense proteins (Nadimpalli et al. 2000; Nijtmans et al. 2002) . PHB was first identified and PHB cDNA first isolated by differential hybridization to RNA from normal versus regenerating rat liver (McClung et al. 1989 ). Subsequently, the microinjection of PHB mRNA into normal human diploid fibroblasts was demonstrated to attenuate DNA synthesis or to lead to growth inhibition, whereas sup pression of PHB expression by anti-sense oligonucleotide stimulated proliferation (Liu et al. 1994; Nuell et al. 1991) . However, once the cells entered S-phase, PHB-mediated growth arrest by the blocking of the G1/S phase of the cell cycle (antiproliferative effects) was no longer observed (Ikonen et al. 1995; McClung et al. 1995; Roskams et al. 1993) . These studies suggested that PHB was an inhibitor of cellular proliferation, hence the name prohibitin. Later, the PHB-attributed anti-proliferative effect was shown to be me diated by the 3'-untranslated region of the PHB mRNA rather than by the coding region (Manjeshwar et al. 2003) . In human, the PHB gene (hPHB) spans ∼11 kb with 7 exons and maps to chromosome 17q21 (Sato et al. 1992 ). The first exon and a small portion of the second exon comprise the 5'-untranslated region, whereas the largest exon, namely exon 7, contains ∼700 bp of the 3'-untranslated RNA. Several transcripts of the PHB gene with variable lengths of the 3'-untranslated region have been identified (Jupe et al. 1996) . The longer transcripts are present at higher levels in proliferating tissues and cells (Choongkittaworn et al. 1993) . The abundance of PHB mRNA is inversely related to markers of cellular prolif eration in various cells and tissues (Hussain-Hakimjee et al. 2006; Jupe et al. 1995; Lumpkin et al. 1995; Miyamoto et al. 2001; Tanno et al. 1997) . Comparative genomic alignment studies have shown that the human and rat PHB genes are similar except for intron 2 and 3, which is ∼1 kb larger in the rat gene (Altus et al. 1995) . The hPHB gene encodes ∼30 kDa protein and is also known as the B-cell receptorassociated protein-32 (BAP32) gene (Fig. 1) .
The human PHB2 (REA/hPHB2; Montano et al. 1999 ) gene, also referred to as the prohibitone (Lamers and Bacher 1997)/BAP37 (Terashima et al. 1994 ) gene (PHB2), is lo cated on chromosome 12p13 (Ansari-Lari et al. 1997 ). This gene has 10 exons, with smaller introns than PHB and spans ∼5.3 kb. The REA/PHB2/BAP37 gene encodes a protein of ∼37 kDa. In eukaryotes, PHB and PHB2 have highly con served PHB domains. The PHB protein is 54 % homologous with PHB2 (Chowdhury et al. 2012; Gamble et al. 2007) and has a single amino acid difference between rodents and humans (Altus et al. 1995) . Orthologs of the PHB gene have been identified in several organisms including bacteria (de Monbrison and Picot 2002; Narasimhan et al. 1997) , plants (Snedden and Fromm 1997; Takahashi et al. 2003) , Trypanosoma brucei (Welburn and Murphy 1998) , Saccharomyces cerevisiae (yeast; Kirchman et al. 2003; Tatsuta et al. 2005) and Drosophila (Eveleth and Marsh 1986) . Expression and cellular localization of PHB during folliculogenesis Distinct differences in PHB levels have been observed during mammalian folliculogenesis. Immunolocalization of PHB in rat ovarian sections has shown that PHB is expressed differ entially in GCs, theca interstitial cells and the oocyte (Thompson et al. 2001 (Thompson et al. , 2004 . As follicles develop toward early or large antral stages, the theca-interstitial cells show more intense PHB expression, whereas a gradient of expres sion of PHB has been observed in the GC of early and large antral follicles (Thompson et al. 2004) . Additionally, in por cine oocytes, zygotes and blastocysts, immunolocalized PHB shows a differential expression pattern (Thompson et al. 2004) . In contrast to these published studies on PHB gene expression, only a few studies have been performed with the aim of analyzing the expression and distribution of the pattern of REA/PHB2 in GCs of human or other mammalian or nonmammalian species (Coates et al. 2001 ; our unpublished da ta). In lower vertebrates (rainbow trout, Oncoryncus mykiss), REA/PHB2 mRNA abundance has been shown to correlate negatively with the developmental potential of the egg (Bonnet et al. 2007) .
Subcellular fractionation of rat ovarian GC followed by one-and two-dimensional Western blot analyses have revealed that PHB is present as two major isoforms (Chowdhury et al. 2007; Thompson et al. 1997 Thompson et al. , 1999 Thompson et al. , 2004 our unpublished data) . In the mitochondrial fraction, two ma jor PHB 30-kDa protein spots are detected with isoelectric points of 5.6 and 5.8, whereas only one 30-kDa protein spot with an isoelectric point of 5.8 is observed in the nuclear fraction. Interestingly, no detectable spots are identified in the cytosolic fraction. Furthermore, when the respective pro tein fractions of mitochondria and nucleus are incubated with alkaline phosphatase, the acidic isoform (isoelectric point 5.6) completely disappears. These results suggest that PHB within the mitochondrial fraction is phosphorylated. Bio-informatics/ computational analyses of the PHB sequence structure have shown the presence of several potential phosphorylation sites. The sequence of PHB contains 272 residues, 35 of which (>10 %) are serine, threonine, or tyrosine. Multiple sites within the PHB protein are probably phosphorylated concur rently. However, the functional significance of these phos phorylation sites and the identity of the kinases involved have not been well-studied, except in our recent investigations (I. Chowdhury, K. Thomas, A. Zeleznik, W.E. Thompson, in preparation) .
Studies in various mammalian cells have demonstrated that PHB forms heterodimeric large-molecular-weight (∼1 MDa) ring complexes with REA and present in multiple copies (Choongkittaworn et al. 1993; Hussain-Hakimjee et al. 2006; Jupe et al. 1995 Jupe et al. , 1996 Sato et al. 1992 ) at the mito chondrial inner membrane (Back et al. 2002; Eveleth and Marsh 1986; McClung et al. 1989 ). These multimeric PHB complexes act as chaperone/holdase binding and stabilizing subunits of the respiratory chain complex proteins in the mi tochondria (Nijtmans et al. 2000; Steglich et al. 1999) . Recent studies have also suggested a scaffolding role for PHB com plexes to target lipid rafts Merkwirth et al. 2008) . Furthermore, compelling evidence has been presented that both PHB and REA are localized in the nucleus and are able to modulate transcriptional activity by interacting with various transcription factors, either directly or through interactions with chromatin remodeling proteins (Matsuyama et al. 1997) . Moreover, PHB and REA are translocated from the cytoplasm/mitochondria to the nucleus or vice-versa in various cells, including GCs of ovarian folli cles undergoing atresia and these proteins are markedly visible in early and large antral follicle cells (Thompson et al. 2004; I. Chowdhury et al., unpublished work) . In support of these observations, amino-acid alignments and bioinformatic stud ies have demonstrated that both PHB and REA have a putative nuclear localization signal that consists in hydrophobic stretches found at the amino terminal end to anchor to the membrane. In addition, a coiled coil (CC) structure present at the C-terminal end constitutes a putative signal peptide (Chowdhury et al. 2012 (Chowdhury et al. , 2014 Joshi et al. 2003; Rastogi et al. 2006; Winter et al. 2007 ). The CC-region at the carboxy terminal is crucial for the assembly of PHB complexes and is exposed to the intermembrane space. The PHB domain is characteristic of the stomatin/PHB/flotillin/HflK/C (SPFH) family of membrane proteins (Winter et al. 2007 ).
PHB roles in follicular growth, differentiation and maturation
Ovarian follicular development is tightly regulated by crosstalk between cell death and survival signals, which in clude both endocrine and intra-ovarian regulators such as growth factors, cytokines, and gonadal steroids. Ultimately, they regulate follicular ovulation or atresia by controlling fol licular cell proliferation, growth, differentiation, or apoptosis. The initial stages of folliculogenesis are independent of go nadotropic hormones, whereas antral follicles become respon sive to and then dependent upon FSH. Here, we highlight some important physiological functions of PHB in GCs dur ing folliculogenesis (Fig. 2) .
Gonadotropin-dependent expression of PHB in support of GC differentiation
At present, our understanding of the hormonal-dependent ex pression of PHB in GCs is limited. However, studies from our laboratory have demonstrated that, in immature female rats treated with equine chorionic gonadotropin (eCG) or eCG with normal (preimmune) rabbit serum (NRS) followed by PHB immunostaining, ovaries exhibit a high expression and rapid turnover of PHB in the ovarian follicles and GCs, where as the theca-interstitial cells within the preantral follicle show low expression of PHB. This increased expression of PHB corresponds with follicular growth and decreases after the ovulatory LH surge and during follicular atresia (Thompson et al. 2004 ). Moreover, one-and two-dimensional Western blot analyses have further confirmed that gonadotropinstimulated over-expression of PHB levels is associated with an elevation of the more acidic isoform (phosphorylated form) of PHB in GCs (Thompson et al. 1997 (Thompson et al. , 2004 ). In addition, we have demonstrated that the treatment of immature rats with pregnant mare serum gonadotropin (PMSG) followed by hu man chorionic gonadotropin (hCG) induces the transient ex pression of PHB genes in ovary, GCs and thecal layers (Jo et al. 2004; I. Chowdhury et al., unpublished data) . The mRNA expression levels of the PHB increases initially with PMSG treatment followed by a decrease or no change. In contrast, hCG treatment maintains the mRNA expression of the PHB genes (Jo et al. 2004 ). However, treatment of imma ture rats with PMSG alone enhances the differential expres sion of the PHB proteins in the ovary, GCs and thecal layers (I. Chowdhury et al., unpublished data) .
The entire differentiation paradigm induced by gonadotro pin (FSH) receptor activation in GCs in the intact animal can Fig. 2 Representation of involvement of the prohibitin (PHB) in granulosa cell (GC) survival and differentiation functions. The supportive role played by PHB/phospho-PHB through the Ras-Raf-MEK-ERK pathway in follicle-stimulating hormone (FSH)-induced differentiation and survival role in GCs is shown. FSH induces up regulation of PHB/pPHB, optic atrophy 1 (autosomal dominant) (OPA1), steroidogenic acute regulatory protein (StAR), p450 cholesterol side-chain cleavage enzyme (P450scc), hydroxysteroid dehydrogenase 3β (3B-HSD) and aromatase (Aromatase) leading to the stimulation of the synthesis and secretions of estrogen and progesterone. Moreover, PHB acting through phospho-PHB mediates the activation of pERK expression resulting in enhancement of the Bcl/Bclxl pathway and inhibition of the Bax-Bak pathway. These events directly inhibit the release of cytochrome c from the inter-mitochondrial space resulting in the inhibition of the downstream activation of cleaved caspase 3 (ER endoplasmic reticulum, P phosphate, Bcl2 B-cell CLL/lymphoma 2, Bclxl B-cell lymphoma-extra large, Bax BCL2-associated X protein, Bak Bcl-2 homologous antagonist/killer, Ras rat sarcoma protein, Raf rapidly accelerated fibrosarcoma, MEK mitogen-activated protein kinase, ERK extracellular signal regulated kinase) be duplicated in primary GCs cultured in the presence of FSH on an extracellular matrix in a serum-free environment that mimicks the avascular milieu within the follicle (Hsueh et al. 1984) . Addition of FSH in the presence of testosterone (T) to GCs under these culture conditions initiates a differentiation program that is completed within 48-72 h. Taking advantage of these Bphysiological^ culture conditions and using a prote omic approach, we analyzed the pattern of intracellular PHB expression during the ongoing differentiation of rat GCs from preantral and early antral follicles (I. Chowdhury, K. Thomas, A. Zeleznik, W.E. Thompson, in preparation; Thompson et al. 1997) . These studies demonstrated that increased PHB ex pression occurs during the transitional stages of rat ovarian follicular differentiation. Recent studies of pre-antral GCs iso lated from diethylstilbestrol (DES)-treated rats and antral GC isolated from eCG-treated rats have shown that PHB is regu lated by FSH in a follicular stage-dependent manner in vitro and that the role of PHB in the regulation of steroidogenesis is dependent on the differentiation status of GCs (Wang et al. 2013a (Wang et al. , 2013b .
Furthermore, PHB is phosphorylated in the presence of FSH plus T in GCs, since we observed a shift in the mobility of the protein toward the basic region in two-dimensional Western blot analysis upon phosphatase treatment, indicating that PHB is phosphorylated (I. Chowdhury, K. Thomas, A. Zeleznik, W.E. Thompson, in preparation) . This phosphoryla tion is not inhibited by LY294002 and H89 suggesting that PHB is not a substrate for protein kinase B (PKB)/AKT or PKA under these experimental conditions. Moreover, phos phorylation is inhibited by PD98059 and SB203580 suggest ing that PHB is a substrate for mitogen-activated protein ki nase 1 (MEK1) and p38MAPK (p38 mitogen-activated pro tein kinase) during GC differentiation (I. Chowdhury, K. Thomas, A. Zeleznik, W.E. Thompson, in preparation) .
Moreover, we identified the PHB phosphorylation site un der these culture conditions as tyrosine 249 (Y249), threonine 258 (T258) and tyrosine 259 (T259; I. Chowdhury, K. Thomas, A. Zeleznik, W.E. Thompson, in preparation; Rikova et al. 2007 ). Most interestingly, Y249 in PHB is locat ed within the Raf (rapidly accelerated fibrosarcoma)-binding domain of PHB, residues 243-275 (Rajalingam et al. 2005) . PHB/Raf interactions have been reported to be essential for the activation of the pathway (Rajalingam et al. 2005) . We observed that the depletion of PHB had a negative impact on the FSH-induced phosphorylation of extracellular signal reg ulated kinase 1/2 (ERK1/2) without changes in its protein expression levels. These studies suggest that PHB is phos phorylated during GC differentiation; we further identified Y249, T258 and T259 as the main phosphorylation sites in PHB in response to MEK1 activation by FSH plus T and showned that the ERK1/2 phosphorylation events occuring in response to FSH plus T is PHB-dependent in GCs. These findings indicate that a mutual hierarchical relationship exists between PHB and the Ras (rat sarcoma protein)-Raf-MEK1 ERK1/2 pathway. PHB plays an indispensable role in the ac tivation of the Raf-MEK-ERK pathway through Ras (Rajalingam et al. 2005) . The activation of c-Raf by Ras re quires the direct interaction of c-Raf with PHB. Moreover, cRaf kinase fails to interact with the active Ras induced by epidermal growth factor (EGF) in the absence of PHB. These studies strongly support the notion that PHB transcrip tion, translation and phosphorylation are hormonally depen dent in GCs. Hormone-dependent expression of PHB has been demonstrated in other non-reproductive tissues (Dixit et al. 2003) .
Roles of PHB in GC survival through Ras-Raf-MEK-Erk pathway
From birth, only a small portion of the primordial follicles that are present in the mammalian ovary will reach the ovulatory stage; the rest will succumb to follicular atresia. Follicular atresia is mediated by apoptosis, which initially starts in the GC layer (Boone et al. 1997; Palumbo and Yeh 1994) , follow ed by apoptosis of the theca cells (Tilly et al. 1991) . Ovarian follicular atresia is induced by both the extrinsic (death recep tor) and intrinsic (mitochondrial) pathway in GCs . The intrinsic pathway is activated within the cell and is characterized by the permeabilization of the outer mitochon drial membrane resulting in the release of pro-apoptotic fac tors such as cytochrome c, Smac and Omi into the cytosol and loss of mitochondrial function (Jin and El-Deiry 2005) . Caspase-3 is the most characterized effector caspase involved in this process and its activation leads to the final stages of cellular death. Published studies have confirmed that Caspase 3 content is extremely high in the atretic preovulatory follicu lar GC (Boone et al. 1997; Matikainen et al. 2001) . In addi tion, follicles isolated from caspase-3 null ovaries do not show GC apoptosis in response to serum starvation, suggesting a critical role of caspase-3 in GC apoptosis (Matikainen et al. 2001) .
The actions of PHB in GCs are dependent on the stage of differentiation (Chowdhury et al. 2007; Wang et al. 2013a Wang et al. , 2013b . Our studies have shown that infection of undifferen tiated GCs from preantral follicles with a PHB adenoviral construct results in the over-expression of PHB that markedly attenuates ceramide-, staurosporine-, campothecine-and se rum withdrawl-induced apoptosis via the intrinsic apoptotic pathway (Chowdhury et al. 2007 (Chowdhury et al. , 2011 (Chowdhury et al. , 2013 (Chowdhury et al. , 2014 Wang et al. 2013a Wang et al. , 2013b our unpublished data) . Further, these studies confirmed that the over-expression of PHB maintains the mitochondrial transmembrane potential by inhibiting cy tochrome c release and the activation of caspase-3 (Chowdhury et al. 2007 (Chowdhury et al. , 2011 (Chowdhury et al. , 2013 .
In addition, studies performed by our group have also shown that the over-expression of PHB in undifferentiated GCs isolated from preantral follicles delays apoptosis by en hancing the transcription and translation of anti-apoptotic genes (Bcl2 [B-cell CLL/lymphoma 2], Bclxl [B-cell lymphoma-extra large]) in sturosporine (STS)-treated GCs (Chowdhury et al. 2006 (Chowdhury et al. , 2013 . The apoptosis-preventing effect of Bcl2 and Bclxl are counteracted by the expression of proapoptotic proteins Bax (BCL2-associated X protein) and Bak (Bcl-2 homologous antagonist/killer; Chowdhury et al. 2013 ). These studies suggest that an imbalance of the Bax and Bak versus Bcl2 and Bclxl ratios tilts the scales to ward cell death and sensitizes cells to a wide variety of cell death stimuli. However, ectopic PHB over-expression in GCs prevents the triggering by apoptotic stimuli, thereby supporting the role of Bax/Bcl2, Bax/Bclxl, Bak/Bcl2 and Bak/Bclxl as a key checkpoint rheostat (Chowdhury et al. 2013) . Anti-apoptotic (Bcl-2, Bclxl) or pro-apoptotic (Bax, Bak) Bcl2 proteins are the prototypes of a large family of proteins (more than 30 members) that share a high degree of homology, although they exert different functions in the apo ptotic pathway (Chowdhury and Bhat 2010) . In healthy cells, Bax and Bak are mainly located in the cytosol as monomers with a minor pool loosely attached to mitochondria. Apoptotic stimuli induce structural changes in Bax and Bak proteins, which oligomerize in the outer mitochondrial membrane to result in mitochondrial outer membrane permeabilization and the release of inter-membrane space proteins including cytochrome c. In contrast, the anti-apoptotic Bcl2 and Bclxl proteins are able to neutralize pro-apoptotic proteins and thus inhibit Bax/Bak activity and mitochondrial outer membrane permeabilization. Molecular studies performed in our laborato ry and designed to elucidate the mechanisms involved in this regulatory process suggest that, upon the induction of apoptosis by STS, mitochondrial PHB through phosphorylated PHB (phospho-PHB, pPHB) mediates the activation of pMEKpERK expression. This result in an enhancement of the Bcl/Bclxl pathway and the inhibition of Bax-Bak preventing the release of cytochrome c from the inter-mitochondrial space and inhibiting the downstream activation of cleaved caspase 3 (Chowdhury et al. 2013) . Collectively, these studies suggest that PHB is likely to be a key factor in the GC survival pathway acting through the Bcl family of proteins.
Strong published experimental evidence in support of the relationship between PHB phosphorylation and the activation of the Ras-Raf-MEK-Erk pathway in cellular survival has been provided by our laboratory and other research groups. PHB/Raf interactions have previously been reported to be essential for the activation of the Ras-Raf-MEK1-ERK1/2 pathway (Rajalingam et al. 2005) . In support of this observa tion, we have consistently observed that the depletion of PHB has a negative impact on the STS-induced phosphorylation of ERK1/2 but without changes in its protein expression levels. These studies show that, in addition to PHB being required for MEK1 activity, PHB is a potential target of MEK1, suggesting that a possible regulatory loop is activated during GC differ entiation and survival, a loop that is mediated by PHB and that affects the Ras-Raf-MEK1-ERK1/2 pathway. These findings indicate that a mutual hierarchical relationship exists between PHB and the Ras-Raf-MEK1-ERK1/2 pathway (Chowdhury et al. 2013 (Chowdhury et al. , 2014 our unpublished work) and that PHB plays an indispensable role in the activation of the Ras-Raf-MEK ERK pathway (Rajalingam et al. 2005 ). This has also been shown in similar investigations in other cells/cell lines (Chowdhury et al. 2014 and references therein). Taken togeth er, these studies indicate that PHB acts as a survival factor by influencing the regulation of anti-apoptotic gene expression in ovarian GCs.
In addition, work from our laboratory has shown that the prohibitins (PHB and REA) are required for the morphogen esis of mitochondrial cristae, as revealed by an ultrastructural analysis of mitochondria in PHB-deficient mouse embryonic fibroblasts (MEFs; Chowdhury et al. 2013; Merkwirth and Langer 2009 ). This experimental observation suggests that the disrupted cristae morphology facilitates the release of cy tochrome c from the intracristal space, thereby explaining the increased sensitivity of PHB-deficient MEFs or GCs to apo ptotic stimuli. Published studies have shown that this occurs in other cell lines and animal models (Artal-Sanz et al. 2003; Berger and Yaffe 1998; Kasashima et al. 2006; Osman et al. 2009 ). The aberrant mitochondrial morphology observed in the absence of the PHBs can be explained by an altered pro cessing of optic atrophy 1 (autosomal dominant) (OPA1; Merkwirth et al. 2008) , a large dynamin-like GTPase that is found in the mitochondrial intermembrane space and that reg ulates both mitochondrial fusion and cristae morphogenesis (Hoppins et al. 2007 ). Since the PHBs are required for normal OPA1 processing, this explains the defects in mitochondrial morphology observed in Phb2 −/− cells. Normal mitochondrial fusion depends on the expression of both long and short OPA1 isoforms (Ishihara et al. 2006; Song et al. 2007 ). Indeed, the ectopic expression of a non-cleavable long OPA1 isoform is able to restore the tubular mitochondrial network, cristae mor phogenesis and apoptotic resistance in Phb2 −/− MEFs (Merkwirth et al. 2008) . Similar results have been found when PHB is ectopically expressed in STS-induced GCs (Chowdhury et al. 2013 (Chowdhury et al. , 2014 . These experiments confirm that OPA1 processing is the key process regulated by the PHBs in MEFs. However, the exact mechanisms by which PHBs affect OPA1 processing remain to be determined.
Conditional knock-down effects of PHB in GCs
A wide range of functional roles for PHB and its ortholog members has been described in invertebrates. Studies have shown that PHB null yeast strains have a reduced lifespan. The PHB ortholog in Drosophila, Cc, is essential for normal development and differentiation during larval to pupal metamorphosis (Eveleth and Marsh 1986) . RNA-interference technology has shown that PHB is essential during embryonic development and somatic and germline differentiation in the larval gonad in Caenorhabditis elegans (Artal-Sanz et al. 2003) . Further, the genetic deletion of PHB in mice is lethal before embryonic day 6.5 (our unpublished data), implying that these proteins play a critical role in the early stages of development in vertebrates. However, heterozygous mice show no appreciable defects in fertility (our unpublished work). Nevertheless, a detailed analysis of GC-conditional knockout mice studies suggests that PHB is essential for folliculogenesis (I. Chowdhury et al., unpublished) .
Concluding remarks
At present our understanding of the complex biology of PHB in GC physiology is limited and our current functional studies remain a work in progress. In this review, we provided some of the experimental evidence supporting a conserved role for the PHB in GC physiology. However, individual PHB or REA proteins are likely to have functionally different effects com pared with PHB/REA heterodimers. This is particularly rele vant because recent evidence suggests that the nuclear PHBs have overlapping functions in modulating gene expression, particularly steroid-hormone-mediated gene expression. Post-translational modifications such as phosphorylation or ubiquitination are important in the modulation of the various functional roles of the respective PHBs at very early stages in GC physiology. The detailed conditional knock-out experi ments currently underway in our laboratory are aimed at de termining the in vivo physiological significance of the various interactions of PHB in relation to its respective functions dur ing folliculogenesis.
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